Abstract: This paper firstly established a three-dimensional modal of gear and rack transmission system. By using finite element analysis software the model is analyzed and the first six natural frequencies of the gear and rack transmission system are acquired. According to the natural frequencies, actual working speed can be adjusted to avoid resonance. In light of the modal analysis, the transient dynamic finite element model of the gear and rack transmission system is established for the transient dynamic analysis. According to the equivalent stress contour of the gear and rack in contact progress at various times and based on transient dynamic analysis, contact strength and bending strength of the gear are verified and the maximum equivalent stress position is found, providing a theoretical basis for the optimization of the gear and rack.
INTRODUCTION
With the advantages of high transmission efficiency, strong carrying capacity and the stability of the transmission ratio, the gear and rack transmission system is commonly used in force and motion transmission in the mechanical system. The reliability and stability of the gear and rack directly influences the regular operation of the mechanical equipment [1, 2] .
The traditional measures are usually used to calculate the contact stress and bending stress which can only help obtain the value of a single point of time on one contact surface. Moreover, it has the following problems: complicated calculation process, time-consuming, inexactitude of the calculated result. The structure static analysis is a systematic verification process in steady load. However, when the load changes with time, the dynamics and statics characteristics which the system represented are different [3, 4] . The three-dimensional model of the gear and rack transmission system was built by the 3D design software UG, and the model analysis was conducted on the gear and rack transmission system by the software of ANSYS Workbench in order to identify the natural frequencies of the gear and rack transmission system. On this basis, transient dynamic analysis of the gear and rack system is carried out to get equivalent stress distribution at different times in the gear and rack meshing contact process and the strength of contact and bending strength of the gear and rack is examined.
GEAR AND RACK SYSTEM DYNAMIC MODEL
Two gears can constitute a gear transmission system without considering the auxiliary element of the gear and the elastic deformation of the gear itself. The vibration model is shown in Fig. (1) [5] . 
In the formulas: The rack can be viewed as a gear, but its radius is infinite. Therefore, the vibration analysis model of gear pairs applies to gear and rack transmission system in this paper.
The contact stress of gear and rack transmission derived by the Hertz theory can be expressed as:
In the formula: Z τ -coefficient of overlap ratio.
As the calculation method of the contact stress of gear and rack is derived by the deformation and coefficient correction based on Hertz formula. Therefore, the calculated contact stress and the actual contact stress have certain amount of deviation. The finite element method can solve the problem.
MODAL ANALYSIS
Using ANSYS workbench for the dynamic analysis of the gear and rack system, modal analysis of the gear and rack system must be done in the first place. The modal analysis belongs to the dynamic analysis and its main purpose is to find out the natural frequency of the gear and rack system and to provide the data for the transient dynamics analysis of gear and rack system. By comparing the natural frequency and meshing frequency of the gear and rack system, the speed of the gear is, whether it's reasonable, can be determined. Regulating the gear speed can prevent its natural frequency.
Finite Element Modeling. In this paper, the basic parameters of the gear are: modulus = 4, the number of teeth is 25 and pressure angle is 20°. The 3D model of the gear and rack transmission system was built by the 3D design software UG. The gear and rack assembly model in ANSYS is obtained by importing into the ANSYS Workbench the x_t file format of the 3D model. The material of gear and rack is 40Cr with a density 7820kg/m 3 , elastic modulus 206GPa, and Poisson's ratio of 0.28.
In order to adequately reflect the variation of gear and rack contact result, the gear and rack system requires intensive meshing. The gear and rack are sliced in this paper. Dense meshing is done only on the gear contact area. The local mesh refinement can reduce the number of skewed mesh. Better mesh can make the results more accurate. In the gear and rack meshing region, the element size is set 1mm, and the unimportant regional element size is set 20mm. There are 31418 units and 154405 nodes. The finite element model is shown in Fig. (2) . Fig. (2) . The finite element model of the gear and rack system. Imposing Constraints. The main purpose of the modal analysis is to find out the natural frequency of the gear and rack system. So there is no need to apply load to the model. Only a degree of freedom constraint is needed. In order to match the actual working conditions, it must be ensured that the gear only rotates around the Z axis and the rack only translates along the X direction. A revolute-ground constraint on the gear and a translational-ground constraint on the front surface of the rack, need to be added in Connections. Then, a cylindrical support on the gear and a displacement on the bottom surface of the rack in modal are added. According to the actual condition of the rack, add forced displacement to the rack in the X, Y, Z directions. Constraint conditions is shown in Fig. (3) . Modal Analysis Results and Discussion. Modal analysis of the system, generally, needs to compute a few lower-order frequencies. Because higher modes have little effect on the dynamic characteristics of the structure and usually only the low order natural frequency may cause the system resonance [6, 7] . The first six order natural frequency is obtained by the post-processor, as shown in Table 1 .
According to the definition of the gear meshing frequency, gear meshing frequency equals to the rotational frequency multiplied by the number of teeth. When the number of gear teeth is 25, the gear meshing frequency is 16Hz at the speed of 0.65r/s by calculation, which is far less than the lowest natural frequency. Therefore, it is likely to avoid the resonance frequency. In order to improve production efficiency, the speed of gear can be improved, which can have different external excitation conditions in different production efficiency. 
TRANSIENT DYNAMIC ANALYSIS
Gear and rack system is commonly used as a component in mechanical device, so its strength check has practical implications. Typically the contact stress, bending stress of gear and rack are computed by traditional methods. However, the conventional formula to calculate the contact stress in the gear is only on one certain point of time and on one contact surface. The pitch circle circumferential force acting on the top gear can be used to calculate the bending stress. The contact stress calculated by transient dynamics analysis in this paper is a range of values which describes the contact stress values at different times and in different contact position of the gear and rack. At different point of time, the influence of the bending of gear and rack is different due to the size of the meshing force and the acting position. This transient dynamics description method can describe the gear and rack meshing process more realistically [8, 9] . Transient Dynamic Finite Element Model. As discussed above, through modal analysis of gear and rack, intrinsic characteristics of the system are obtained. On the basis of the above, the transient response analysis is performed in this part by adding the transient dynamic module (Transient Structural).
Transient Analysis Settings.
Set the transient response time step t = 1/20 and f = 0.0001 Hz to get transient response. Turn on automatic time-step effect and set the maximum time step to 1.0e~004s, the minimum time step is 1.0e~005s, the initial time step is 1.0 e-005s. When loading the speed of gear, the project is divided in two steps, first, the acceleration phase, then the uniform phase. The deadline of acceleration phase time step is 1.0e-002s, and the deadline of uniform phase time step is 0.15s.
Load Settings. First, set the gear speed. Here the steady speed of gear is set to 0.65r/s. The default units in ANSYS workbench is rad/s and the speed of gear can be transformed into 4.08rad/s, as shown in Fig. (4) . Second, set the rack load. In this paper the gear drives the rack to transmit power, so it needs to apply horizontal load along the moving direction of the rack. Set the load to 400N. A cylindrical support needs to be added to the gear and displacement on the bottom surface of the rack is added in Transient. According to the actual condition of the rack, add forced displacement to the rack in the X, Y, Z directions. Finally add the options of the results in Solution and the transient analysis setting is completed. Fig. (4) . Gear load settings.
Transient Dynamic Analysis Results and Discussion.
The transient dynamics analysis is done on the gear and rack meshing process. The equivalent stress contour of the gear and rack in the meshing process is shown in Fig. (5) . Four graphs of (a) (b) (c) (d) represent meshing equivalent stress contours at the moments of 0.03s, 0.05s, 0.08s, 0.12s. Fig. (6) shows the equivalent stress contour of gear respectively in 0.03s, 0.05s, 0.08s, 0.12s. Fig. (7) shows the equivalent stress contour of rack respectively in 0.03s, 0.05s, 0.08s, 0.12s. Figs. (6, 7) are the meshing separate diagrams of gear and rack in Fig. (5) . As seen from Fig. (6) , the maximum equivalent stress of the gear was at the addendum, followed by tooth surface and root.
From Fig. (5) we can see that the maximum equivalent stress of gear is 741.59MPa, less than the tensile strength 860Mpa. It can be seen from Fig. (6) that the maximum equivalent stress of the gear and rack occurs in the gear and rack out-meshing contact point, and only in this point. The reason is that there is local high stress in the addendum line. Local high stress can cause premature failure of the addendum, leading to the gear failure. This is why the gear tooth is patched on the top to avoid the condition of local high stress in engineering.
In addition, Fig. (7) shows that the equivalent stress of the rack changes with time. The maximum stress of the rack is at the dedendum, followed by tooth surface meshing line. From Fig. (7) we can clearly see that the meshing line changes over time. The maximum stress of rack is 702.31MPa, less than the bending strength 815.28MPa of the rack, which can meet the design requirements.
CONCLUSION
The three-dimensional model of the gear and rack transmission system is built by UG and the modal analysis was conducted on the gear and rack transmission system by the software of ANSYS workbench. In light of that, the transient dynamic analysis of the gear and rack system is carried out and the analysis shows that: 
1)
According to the modal analysis, the natural frequencies of the gear and rack transmission system are identified and the gear meshing frequency is 16Hz at the speed of 0.65r/s by calculation, which is far less than the lowest natural frequency. It can also avoid the resonance frequency. In order to improve production efficiency, the gear speed can be improved.
2) According to the transient dynamic analysis, the equivalent stress distribution at different time in the gear and rack meshing contact process is obtained, which indicates that in the situation of top speed of 4.08rad/s of the gear, the maximum equivalent stress of gear is 741.59MPa, less than the tensile strength 860MPa and the maximum stress of rack is 702.31MPa, less than the bending strength 815.28MPa of the rack, which shows that the strength is reliable.
3)
The maximum equivalent stress of the gear and rack occurs in the gear and rack out-meshing contact point, and only in this point, because there is local high stress in the addendum line. This is why gear tooth is patched on the top to avoid the condition of local high stress in engineering.
4)
The contact stress and bending stress of the gear and rack system gained by FEM can avoid the problem of time-consuming and inexact calculation result by traditional Hertz Theory.
